Background: Acute chorioamnionitis contributes to premature birth, and is associated with postbirth complications. How chorioamnionitis impacts neonate's developing immune system has not been well defined. Methods: Blood from extremely preterm infants (≤28 wk gestation) was drawn at the first, second, and fourth week of life. Blood was either left unstimulated or stimulated for 4 h with PMA/ionomycin. mRNA expression of transcription factors in unstimulated cells (RORC, TBET, GATA3, and Forkhead box protein 3 (FOXP3)) and inflammatory cytokines (IFN-γ, TNFα, IL-2, IL-4, IL-5, and IL-6) in unstimulated and stimulated cells were analyzed. Data were analyzed based on the diagnosis of chorioamnionitis, funisitis and bronchopulmonary dysplasia (BPD). results: At 1 wk of life, exposure to funisitis, but not maternal chorioamnionitis was associated with an increased expression of RORC and RORC/FOXP3 ratio. These increases in RORC and RORC/FOXP3 ratio were sustained over the 4 wk of follow-up. Leukocytes from infants who developed BPD had increased stimulated and unstimulated IL-4 at the first week of life, but these increases were not sustained over time. In contrast, infants with mild BPD had a sustained decrease in stimulated IL-2. conclusion: Chorioamnionitis exposure, in particular to funisitis, lead to enhanced Th17-like responses that persist for 4 wk after birth. Infants who later developed BPD did not exhibit a strikingly distinct immune profile.
n eonatal T cell responses historically were thought to be deficient due to immaturity (1) , although the supporting evidence came mainly from murine studies (2) . However, more recent studies have demonstrated that human fetal development is a unique developmental stage in which fetal innate and adaptive responses are highly plastic and are influenced by in utero exposure to antigens or inflammatory mediators (3) . Fetal T cells first appear in the human thymus at ~10 wk of gestational age (GA) (4) , and the fetal CD4 + T cells are biased toward differentiation into regulatory T cells (5) . However, a subset of T cells with a memory-like phenotype develops in the human fetus and displays inflammatory effector functions at birth (6) . Other human fetal immune cells also appear to be functional. Notably, innate lymphoid cells (ILC) of different types have been identified in human fetuses (7) . Fetal organs also contain KIR-expressing differentiated natural killer (NK) cells as early as 18 wk GA (8) . Mucosa-associated invariant T cells, which recognize microbial metabolites to produce proinflammatory cytokines such as interferon (IFN)-γ and interleukin (IL)-17, have also been identified in the fetal small intestine, liver, and lung (9) .
The development of the immune system of extremely low gestational age neonates (ELGANS) born before 28 wk of gestation is of particular interest. Many of these infants now survive, but they have increased prevalence of long-term inflammatory morbidities, notably bronchopulmonary dysplasia (BPD) and necrotizing enterocolitis (NEC) (10) . In particular, BPD is a progressive lung injury syndrome with lung inflammation occurring prior to preterm birth and/or following birth and mechanical ventilation. Importantly, an estimated 25-40% of preterm births are associated with placental inflammation, which is often subclinical (11) (12) (13) . This inflammation may be localized to the maternal placenta or membrane (chorioamnionitis) or progress to a fetal inflammatory response, as evidenced by cord inflammation (funisitis) and elevated cord plasma levels of IL-6 (14) . This pattern has been reproduced experimentally in animal models; notably, fetal sheep and rhesus macaques respond to intra-amniotic LPS with skin, gut, and lung inflammation as well as systemic changes in immune cell phenotype (15) (16) (17) (18) . Although the fetus can be exposed to cytokines and microbial products through the amniotic fluid, the consequences of this in utero exposure to chorioamnionitis or funisitis on the developing infant immune system are poorly understood (18) .
Most studies of human neonate immune responses, including those of preterm infants, are cross-sectional analyses using cord blood, due to blood sampling limitations in this
Funisitis-induced inflammatory responses
Articles population. Our objectives were to define the immune profile of infants at risk to develop BPD, and determine whether in-utero exposure to chorioamnionitis or funisitis influenced the neonate's immune responses. We thus chose a longitudinal approach using blood samples collected within the first, second, and fourth week of life. We measured the mRNA expression of a panel of proteins associated with immune responses. We included specific transcription factors associated with IL-17, IFN-γ, IL-4, and IL-5 producing immune cells (T cells, NK or ILC), namely RORC (the human ortholog of RORγT), TBET, and GATA3. We also determined the expression of the transcription factor Forkhead box protein 3 (FOXP3), which is associated with regulatory T cells development and is a critical mediator of regulatory T cells suppressive activity. We also measured the induction of selected cytokine mRNAs (IFNγ, IL-2, IL-4, IL-5, TNF-α, and IL-6) at baseline and after a short polyclonal stimulation. We used a quantitative reverse transcriptase (RT)-PCR approach on unseparated blood, since methods are now available to extract RNA for RT-PCR analysis from whole blood, without the need for separating mononuclear cells before stimulation (19, 20) . Because quantitative RT-PCR is such a sensitive technique, a broad immune profile can be evaluated within the constraints of the extremely limited blood volumes that are available from preterm infants.
METHODS

Patient Recruitment
Mothers delivering ≤28 wk gestation provided informed consent for collection of pregnancy related information and peripheral blood from their infants with a protocol approved by the IRB of Good Samaritan Hospital (Cincinnati, OH), University of Cincinnati Medical Center (Cincinnati, OH) and Cincinnati Children's Hospital Medical Center (Cincinnati, OH). From 111 ELGANS, 35 were selected for this study because of availability of blood samples; the other 76 infants were not consented for blood. Mother and infant demographics were also collected.
Diagnosis of BPD and Chorioamnionitis (Chorio)
The infants were diagnosed with BPD as defined by the need for oxygen at 36 wk GA (21) . This group was then divided into infants who were on <30% oxygen and low gas flows (mild BPD) and those on oxygen with gas flows ≥2 liters/min or on oxygen and continuous positive airway pressure (severe BPD). No infant required mechanical ventilation at 36 wk.
The chorioamnion, placenta, and umbilical cord were scored for antenatal inflammation using a standardized procedure with histologic sections of chorioamnion, umbilical cord, and placenta stained with hematoxylin and eosin according to Redline's criteria (22) . Fetal inflammation was defined by funisitis generating neutrophilic infiltration surrounding the umbilical cord vessels and Wharton's jelly. Three groups of infants were thus identified: no chorio, maternal chorio, and funisitis.
Collection and Processing of Infant Blood
Fresh blood from infants was collected in Microtainer tubes with dipotassium EDTA (BD Diagnostics, Sparks Glencoe, MD) during the first, second, and fourth wk of age, at the same time a clinical sample was needed. Within 4 h of collection, blood was diluted with an equal volume of complete medium (Roswell Park Memorial Institute (RPMI) 1640, supplemented with 10% heat-inactivated fetal calf-serum, HEPES, Glutamine) and divided into two equal aliquots: one left untreated and the other stimulated with PMA (50 ng/ ml) (Sigma-Aldrich, St. Louis, MO) and ionomycin (1 μg/ml) (EMD Millipore, Billerica, MA). The cultures were incubated for 4 h at 37°C. Red blood cells were lysed using 1X RBC Lysis Buffer according to the manufacturer's instructions (eBioscience, San Diego, CA) and the leukocytes were pelleted and stored at −80°C until the extraction of mRNA.
mRNA Amplification and Quantitative RT-PCR (qPCR) Analysis mRNA was isolated from unstimulated and stimulated leukocytes using the μMACS mRNA Isolation kit (Miltenyi Biotec, Auburn, CA) and then amplified using the Ovation PicoSL WTA System V2 kit according to the manufacturer's instructions (NuGEN Technologies, San Carlos, CA). Amplified cDNA was purified with the MinElute Reaction Cleanup kit (Qiagen, Valencia, CA) then quality and quantity analyzed using a Bioanalyzer 2100 system (Qiagen; Agilent, Wilmington, DE). cDNA from unstimulated and stimulated samples was quantified for 12 target genes in eight separate panels by qPCR using TaqMan probes (TIB Molbiol LLC, Adelphia, NJ) and the LightCycler 480 Probes Master kit on the LightCycler 480 Instrument II (Roche Diagnostics, Indianapolis, IN). Transcription factor mRNA (RORC, TBET, GATA3, and FOXP3) were analyzed only in the unstimulated fraction, while the remaining target mRNA (CD3, IFNγ, IL-5, IL-2, IL-4, IL-6, and TNF-α) were analyzed for both unstimulated and stimulated fractions to measure activation. Ubiquitin ligase (UBE2D2) mRNA expression was used for housekeeping. Primer and TaqMan probe information is given in Supplementary Table S1 online. TaqMan probes were used in either monoplex or duplex reactions; for duplex reactions, color compensation was performed using LightCycler 480 II software according to the manufacturer's instructions (Roche).
Statistical Analysis
Demographic data for the preterm infants are reported as percent of the population or mean ± SEM. Differences in steroid treatment prevalence between groups were tested using Fisher's Exact test. Statistical analysis of qPCR data was performed using Prism 6.0 software for Windows (Graphpad, La Jolla, CA). For analyses of data for the first week of life, normality was checked for comparisons between groups. When the data were normally distributed, unpaired t-tests were used for comparisons of no chorio vs. any chorio and no BPD vs. all BPD, the Mann-Whitney U-test was used. When there were significant differences in the initial 2-group comparisons, Bonferroni-Holm adjustments were used to account for the multiple comparisons between no chorio, maternal chorio, and funisitis groups; and no BPD, mild BPD, severe BPD groups. To examine the repeated measures over time using linear models, Box-cox transformations were used to determine the optimal power transformation for each cytokine or transcription factor. GEE models were constructed on the transformed data (natural logarithm: RORC, FOXP3, IFN-γ, IL-5, and TNF-α or power: (TBET) 0.25 , (GATA3) 0.25 , (IL-2) −0.25 ) to test for association between cytokine and transcription factor levels and the medical diagnoses of chorio, funisitis, and BPD. GEE models account for the within-subject correlation of repeated observations on individuals. Separate models were tested for funisitis, chorioamnionitis without funisitis, and BPD (mild vs. no BPD and severe BPD vs. mild BPD vs. no BPD). We examined characteristics of missing data and tested for association with severity of chorioamnionitis, funisitis, and BPD. Multiple imputation procedures were used to examine potential effects of missing data. A data augmentation algorithm was used to generate 50 copies of the data set, each of which contains different estimates of the missing values. GEE models were estimated on the filled-in data. Parameter estimates and standard errors were pooled and compared with the analytic model results. SAS version 9.3 was used to conduct the analysis (SAS Institute, Cary, NC). Statistical significance was accepted at P < 0.05 and statistical trends at P < 0.1.
RESULTS
Demographic and Clinical Characteristics of the Preterm Infants
About 35 infants who were part of the NHLBI funded Prematurity Respiratory Outcomes Program (23) Articles Jackson et al. (Cincinnati, OH) . They were characterized according to the diagnosis of histological chorioamnionitis (maternal chorio), or chorio plus funisitis (any chorio) ( Table 1) . All infants diagnosed with funisitis were also exposed to maternal chorio (Figure 1a ). Infants were also classified according to BPD diagnosis and its severity (Figure 1b) . Blood samples were available from 32 infants in the first week of life, 26 infants at the second week of life, and 14 infants in the fourth week of life. The majority of the infants were exposed to antenatal steroids prior to delivery, with no difference in treatment prevalence among the groups, P > 0.05 ( Table 1) .
Immune Profile for the First Week of Life
All comparisons of chorio and funisitis groups were made to the no chorio group, and all comparisons of infants with BPD were made with the no BPD group. Additionally, the inflammatory markers were normalized to ubiquitin ligase (UBE2D2). As shown in Supplementary Figure S1a,b online, CD3 expression was similar in all the groups (P > 0.05). Infants exposed to any chorio had a trend toward higher expression of RORC mRNA (no chorio vs. any chorio, Mann-Whitney U-test, Bonferroni-Holm adjusted P-value = 0.05). Although FOXP3 mRNA expression was not significantly affected by chorio exposure (data not shown), the ratio of RORC to FOXP3 expression was higher in infants exposed to any chorio (no chorio vs. any chorio, adjusted P = 0.07). Because chorio is a progressive condition that varies in severity, next we evaluated whether its severity influences neonatal immune responses. When RORC expression and RORC/FOXP3 ratio were analyzed comparing no chorio, maternal chorio, and funisitis infants respectively, only the subgroup of infants diagnosed with funisitis was different from the no chorio group whereas infants diagnosed with maternal chorio were not different (no chorio vs. funisitis, adjusted P = 0.08, P = 0.05; Figure 2a,b) . Furthermore, exposure to any chorio resulted in a trend toward higher stimulated IFN-γ mRNA expression (no chorio vs. any chorio, P = 0.09). However, when we determined the contribution of maternal chorio and funisitis, the groups were not significantly different (Figure 2c) . Similarly, infants with any chorio had a trend toward lower expression of IL-4 mRNA upon stimulation than the infants without any chorio (P = 0.10); but analysis of funisitis vs. maternal chorio did not show evidence of significance (Figure 2d) . No significant differences with maternal chorio or funisitis exposure in the first week of life were found for any of the other markers (GATA3, TBET, IL-2, IL-5, IL-6 or TNF-α mRNA with or without stimulation). 
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In the first week of life, infants who were later diagnosed as having BPD and infants with mild BPD had a trend toward increased expression of IL-4 mRNA in absence of stimulation compared with those who did not (no BPD vs. all BPD, adjusted P = 0.10, no BPD vs. mild BPD adjusted P = 0.09). However, there was no difference with severe BPD infants (Figure 3a) . In addition, stimulated IL-4 mRNA expression was significantly increased in BPD infants (no BPD vs. all BPD, adjusted P = 0.02), and this increase was particularly found in the severe BPD group (adjusted P = 0.02, Figure 3b ). There was a trend toward an increased TBET/FOXP3 ratio with BPD (no BPD vs. all BPD adjusted P = 0.10), but severe and mild BPD groups were similar (Figure 3c) [AU: Please note that panel d is not described in Figure 3 , so panel d is changed as panel c is appropriate.] No other significant differences associated with BPD were found for any of the other markers (GATA3, FOXP3, IL-5, IL-6 or TNF-α mRNA with or without stimulation).
Figure 2.
Gene expression levels of immune targets in preterm infants with or without chorio and/or funisitis in the first week of life. Relative gene expression of (a) RORC P = 0.08 (no chorio vs. funisitis), (b) RORC/FOXP3 ratio P = 0.05 (no chorio vs. funisitis), (c) IFNG stimulated and (d) IL4 stimulated in no chorio (n = 17), maternal chorio (n = 9) and funisitis (n = 9) groups. Groups were compared using unpaired t-tests when data were normally distributed; otherwise Mann-Whitney U-test was used. When there were significant differences in the initial 2-group comparisons (no chorio vs. any chorio), Bonferroni-Holm corrections were used to account for the multiple comparisons (no chorio vs. maternal chorio and no chorio vs. funisitis), *P ≤ 0.05. Articles Jackson et al.
To eliminate the possibility that chorio may be a confounding factor in the analysis of BPD infants, we next excluded infants with chorio or funisitis from the analysis of BPD. Stimulated expression of IFN-γ was increased in infants who were later diagnosed with BPD (P = 0.06, Supplementary Figure S2a online). Higher expression of stimulated IL-4 mRNA and TBET/FOXP3 ratio were still found in this secondary analysis (Supplementary Figure S2b,c online) .
Change in Immune Profile Over Age of Infants
To analyze differences between groups over the first 4 wk of life, repeated measures models were constructed to test for the association of cytokine and transcription factor expression with chorio, funisitis, and BPD. Regression coefficients (betas) estimated from generalized estimating equation (GEE) models were used to measure the average change in immune profile associated with the diagnosis. There was a robust and sustained increase in the expression of RORC mRNA and the RORC/FOXP3 ratio associated with funisitis over the 4-wk period (beta = 2.50, P = 0.004, Figure 4a ; and beta = 2.51, P = 0.001, Figure 4b respectively). Again, this increase was only seen with funisitis and not with maternal chorio (Figure 4a,b) . FOXP3, TBET/FOXP3, TBET, GATA3, GATA3/FOXP3, IFN γ, TNF-α, IL-2, IL-4, IL-6 or IL-5 were not significantly associated with funisitis or maternal chorio in this longitudinal analysis.
The development of BPD was characterized by a significant decrease in the expression of stimulated IL-2 mRNA in BPD infants compared with infants without BPD (beta for transformed IL-2 −0.25 = 0.62, P = 0.04, Figure 4d ). Compared with no BPD, slightly decreased levels of TBET was evident but not significantly associated with mild BPD (beta for transformed TBET 0.25 = −0.004, P = 0.09) or severe BPD (beta for transformed TBET 0.25 = −0.01, P = 0.73, Figure 4c ). No significant 
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Articles associations were found for FOXP3, RORC, RORC/FOXP3,  TBET/FOXP3, GATA3, GATA3/FOXP3, IFN-γ, TNF-α, IL-2,  IL-5 , IL-4, or IL-6 in this longitudinal analysis.
DISCUSSION
We evaluated the fetal immune response to chorioamnionitis or funisitis, because fetal inflammation is very common and has been associated with brain, lung, and intestinal injury (24) . Chorioamnionitis is defined as inflammation of the membranes shared between the mother and the developing fetus; whereas funisitis is inflammation within the umbilical cord. Previous studies that have examined immune responses of neonates to inflammation have focused on chorio and did not distinguish between funisitis and chorio (25) . In our study, funisitis, not maternal chorio, was associated with the increased expression of RORC mRNA, indicating that funisitis acts on the population of cord blood RORC + cells that have been described in neonates born from normal pregnancies (6, 26) . In the cord blood, a small subset of CCR6 + or CD161 + effector memory T cells (T EM ) has a profile of pro-TH17 cells, expressing RORC, IL-1R, and IL-23R (6, 26) . These cells produce IL-17 but only if they are activated in the presence of IL-1β and IL-23 (6, 26) . It is thus possible that the proinflammatory cytokine profile created by severe chorio as evidenced by elevated serum IL-1β, IL-6, and IL-8 levels (27) , could activate or expand these pro-Th17 cells. Of note, our recent study of fetal inflammation in a rhesus macaque model supports this hypothesis, as we observed a transient increase in IL-17 + cells, mainly in the fetal spleen and lymph nodes (28) .
In addition to increased RORC expression, we also found a trend toward increased stimulated IFN-γ mRNA expression in infants exposed to any chorio. However, the reduced number of infants in each group likely did not provide enough power to definitively determine the contribution of maternal chorio or funisitis. However, this increase suggests the existence of a subset of cells that can develop a Th1 phenotype early in life as described by Zhang et al., and this response may be exacerbated in the presence of inflammation (6, 29, 30) .
Changes over time may identify potential biomarkers for BPD since BPD develops postnatally. An objective of our study was thus to determine whether a specific immune profile existed in infants that were developing BPD. Our results do not support such concept, as there were no striking differences in the immune profile of infants who developed BPD, including those who developed severe BPD vs. those who did not. This finding is in agreement with the fact that the CD4 + T cells from neonates who did or did not develop BPD were found to express similar levels of many cytokines, including IL-6 (25). In addition, there was a trend of increased TBET expression at the first week; but over time TBET appears to be similar among groups. Stimulated IL-4 appears to be increased in severe BPD infants. Although IL-4 may not play a major role in BPD pathogenesis, because low levels are found in the tracheal aspirates of BPD infants (31) . Elevated levels may be associated with lung pathologies such as asthma, through IL-4 actions on lung fibroblast development (32) . We did find that stimulated IL-2 mRNA levels were decreased in BPD infants over the 4 wk of evaluation. This decrease in IL-2 corresponds to the increase in transformed stimulated (IL-2) −0.25 from the GEE model in neonates with mild BPD displayed in Figure 4d . The small sample number of samples with severe BPD may have limited the ability to detect this trend in this subgroup. This result is in concordance with reports of a decrease in circulating CD4 + cells in BPD infants (25, 33) , suggesting activation of the adaptive immune system and possible mobilization into the lung. On the other hand, there has been a report of a higher proportion of activated circulating CD4 + T cells observed in BPD infants (33) . However, we did not find changes in CD3 mRNA expression with BPD (see Supplementary Figure S1b online).
While a strength of the study was the longitudinal analysis of neonatal samples, there were missing samples particularly at the 4-wk time point. Available samples were similarly distributed across chorioamnionitis, funisitis, and BPD subgroups. GEE models incorporating the missing samples were similar to models using samples we had available
We chose to analyze neonatal blood, as compared with other studies that used cord blood, because it allowed us to examine the developing immune profile of neonates over the first week of life, something that had not yet been done. However, this strategy has limitations because we were only able to get a limited volume of blood, preventing us from determining the cellular sources of RORC and IFN-γ. Likewise, we were unable to measure IL-17 mRNA levels in our samples, as we found that whole blood profiling was too insensitive to detect IL-17 mRNA in both neonates and adult blood. Increased expression of RORC at the very least in our study denotes the possibility of an emerging TH17-like cell population since RORC is a crucial mediator of its differentiation (34) . However, no conclusion about the absence or presence of IL-17 can be drawn strictly based off increased RORC mRNA. Another acknowledged limitation is the fact that the blood may not fully reflect what is happening in fetal organs. Indeed, we have shown in animal models of chorioamnionitis that the proinflammatory responses measured in the blood were blunted compared with those developing in lymphoid organs or lungs (18) . This important caveat has to be kept in mind for all studies of neonatal responses using blood.
Overall, our findings demonstrate that ELGANS have the capacity to respond to in utero inflammation with a proinflammatory TH1/TH17 like phenotype. While these responses may be protective against pathogens, they may also contribute to the fetal inflammatory response syndrome, which involves multiorgan inflammation and injury (14) . Moreover, our studies emphasize the important concept that funisitis and localized maternal chorioamnionitis do not have the same impact on the developing fetal immune system, and future studies of fetal inflammation need to clearly distinguish the two pathologies.
